The transient receptor potential type V5 (TRPV5) channel is a six-transmembrane domain ion channel that is highly selective to Ca 2ϩ . To study the topology of the selectivity filter using the substituted cysteine accessibility method (SCAM), cysteine mutants at positions 541-547 were studied as heterotetramers using dimeric constructs that couple the control channel in tandem with a cysteine-bearing subunit. Whole cell currents of dimeric constructs D542C, G543C, P544C, A545C, and Y547C were rapidly inhibited by positively charged 2-(trimethyl ammonium)methyl methane thiosulfonate bromide (MTSMT), 2-(aminoethyl)methane thiosulfonate bromide (MTSEA), and 2-(trimethyl ammonium)ethyl methane thiosulfonate bromide (MTSET) reagents, whereas D542C, P544C, and A545C were inhibited only by negatively charged sodium 2-(sulfonatoethyl)methane thiosulfonate (MTSES). In contrast, the I541C dimer remained insensitive to positive and negative reagents. However, I541C/D542G and I541C/D542N dimeric constructs were rapidly (Ͻ30 s) and strongly inhibited by positively and negatively charged methane thiosulfonate reagents, suggesting that removing two of the four carboxylate residues at position 542 disrupts a constriction point in the selectivity filter. Taken together, these results establish that the side chains of contiguous amino acids in the selectivity filter of TRPV5 are rapidly accessible from the external medium, in contrast to the three-dimensional structure of the selectivity filter in K ϩ channels, where main chain carbonyls were shown to project toward a narrow permeation pathway. The I541C data further suggest that the selectivity filter of the TRPV5 channel espouses a specific conformation that restrains accessibility in the presence of four carboxylate residues at position 542. calcium; kidney; transport; cysteine; site-directed mutagenesis; electrophysiology; methane thiosulfonate reagents; three-dimensional homology modeling; ion channel; transient receptor potential TRANSIENT RECEPTOR POTENTIAL (TRP) type V (TRPV) channels belong to the six-transmembrane (6-TM) family of ion channels with both NH 2 -and COOH-termini located intracellularly (18). TRPV5 (ECaC1 and CaT2) and TRPV6 (ECaC2, CaT1, and CaT-L) play key roles in renal Ca 2ϩ reabsorption and intestinal Ca 2ϩ absorption, respectively. They both form a distinctive subgroup within the TRP family, as they show strong inward rectification, exhibit an anomalous mole-fraction effect, are activated by low intracellular (9) and is proposed to form the main binding site for divalent cations within the selectivity filter (9, 14). Assuming that Asp 542 controls the pore diameter, the diameter of the selectivity filter has been estimated to vary from 5.4 Å (23) for TRPV6 to 8.5 Å (25) for TRPV5 at physiological pH. Altogether, these observations suppose that the negatively charged carboxylate groups of Asp 542 /Asp 541 project toward the pore lumen and that the selectivity filter of TRPV5/6 is wider than in K ϩ channels. This structural arrangement would contrast with the three-dimensional (3-D) structures of K ϩ channels, which show that the main chain carbonyls and not the side chains of the amino acids form the high-affinity K ϩ -binding sites within the selectivity filter (12, 26) .
TRANSIENT RECEPTOR POTENTIAL (TRP) type V (TRPV) channels belong to the six-transmembrane (6-TM) family of ion channels with both NH 2 -and COOH-termini located intracellularly (18) . TRPV5 (ECaC1 and CaT2) and TRPV6 (ECaC2, CaT1, and CaT-L) play key roles in renal Ca 2ϩ reabsorption and intestinal Ca 2ϩ absorption, respectively. They both form a distinctive subgroup within the TRP family, as they show strong inward rectification, exhibit an anomalous mole-fraction effect, are activated by low intracellular Ca 2ϩ concentrations ([Ca 2ϩ ] i ), and are inactivated by higher [Ca 2ϩ ] i (7, 9, 15 in TRPV6 (23) ] accounts for the high Ca 2ϩ affinity of TRPV5 (9) and is proposed to form the main binding site for divalent cations within the selectivity filter (9, 14) . Assuming that Asp 542 controls the pore diameter, the diameter of the selectivity filter has been estimated to vary from 5.4 Å (23) for TRPV6 to 8.5 Å (25) for TRPV5 at physiological pH. Altogether, these observations suppose that the negatively charged carboxylate groups of Asp 542 /Asp 541 project toward the pore lumen and that the selectivity filter of TRPV5/6 is wider than in K ϩ channels. This structural arrangement would contrast with the three-dimensional (3-D) structures of K ϩ channels, which show that the main chain carbonyls and not the side chains of the amino acids form the high-affinity K ϩ -binding sites within the selectivity filter (12, 26) .
Two extensive analyses of the outer vestibule of TRPV5 and TRPV6 channels have been published using a combination of substituted cysteine accessibility method (SCAM) and computer-based modeling (4, 23) . The pattern of covalent modification by hydrophilic alkylthiosulfonate methane thiosulfonate (MTS) reagents in TRPV5 channels was found to support the predictions of a KcsA-based 3-D model, whereby the external vestibule encompassed a coiled structure called the turret connected to a small helical segment of 15 amino acids called the pore helix followed by the selectivity filter (4) . Nonetheless, key questions regarding the structure of the selectivity filter could not be answered as the cysteine mutants at positions surrounding (and including) the high Ca 2ϩ affinity Asp 542 or Asp 541 site were nonfunctional when expressed as homotetramers in TRPV5 (4) and TRPV6 (23) channels.
To examine the topology of the selectivity filter, the accessibility of nonfunctional residues was studied using tandems of covalently linked dimers. Based on the reactivity/accessibility to external membrane-impermeant MTS compounds of different charge and cross section, we conclude that four consecutive positions in the selectivity filter, including the high-affinity Ca 2ϩ -binding site Asp 542 , are easily accessible from the external aqueous medium. In addition, the side chain of Ile 541 , predicted to lie beneath Asp 542 , could be modified by MTS reagents provided that the side chain of Asp 542 is substituted with a smaller and/or neutral residue. These results confirm that the side chains of the amino acids forming the selectivity filter are accessible from the external medium and that the selectivity filter of the Ca 2ϩ -selective TRPV5 channel is significantly wider than the selectivity filter of K ϩ -selective channels, as measured from the atomic coordinates of their 3-D structures. More importantly, our data using I541C/D542G and I541C/D542N dimeric constructs indicate that the selectivity filter espouses a specific conformation in the presence of four carboxylate groups at position Asp 542 such that removing two of the four carboxylate residues promotes the accessibility of Ile 541 to MTS reagents.
MATERIALS AND METHODS
Site-directed mutagenesis of TRPV5. cDNAs coding for the wildtype rabbit TRPV5 (GenBank AJ133128) (6) channel were obtained as previously reported (9) . Point mutations in the TRPV5 channel were performed with 39-mer synthetic oligonucleotides using the Quick-Change XL-mutagenesis kit (Stratagene, La Jolla, CA). The C556S channel was used as a template for all cysteine mutations, as previously described (4) . Briefly, the monomer control C556S channel did not undergo covalent modification by either 2-(aminoethyl)methane thiosulfonate bromide (MTSEA), 2-(trimethyl ammonium)ethyl methane thiosulfonate bromide (MTSET), or sodium 2-(sulfonatoethyl)methane thiosulfonate (MTSES) while the key biophysical features of the wild-type channel were preserved, namely, the steep inward rectification and high affinity for Ca 2ϩ (4) . Dimers were constructed by linking the MTS-insensitive C556S rescuing unit to nonfunctional cysteine mutant C556S/XXXC monomers, in frame, via a polyglutamine (Gln5 or QQQQQ) linker, as shown in Fig. 1A . The linker and unique restriction site SacII were engineered into subunit A (the C556S control subunit) using PCR, eliminating the stop codon in the process. PCR was also used to insert the unique SacII site onto the NH 2-terminal and eliminating the start ATG codon of subunit B, containing the nonfunctional cysteine mutant. The tandem was obtained by introducing subunit A into unique HindIII/SacII sites in the NH 2-terminal of subunit B using standard recombinant DNA techniques. We thus obtained the following channel tandems (where underscores represent links of two monomers and the "/" shows 2 mutations on the same monomer): C556S_C556S (channel dimer control), C556S_I541C/C556S, C556S_I541C/D542G/C556S, C556S_I541C/D542N/C556S, C556S_ D542C/C556S, C556S_D542G/G543C/C556S, C556S_G543C/C556S, C556S_D542G/P544C/C556S, C556S_P544C/C556S, C556S_A545C/ C556S, C556S_N546C/C556S, C556S_Y547C/C556S, C556S_L551C/ C556S, C556S_P552C/C556S, and C556S_E522C/C556S. Constructs C556S_I541C/D542N/C556S, C556S_I541C/D542G/C556S, C556S_ D542C/C556S, C556S_D542G/G543C/C556S, and C556S_D542G/ P544C/C556S include a carboxylate side chain at position 542 in subunit A, whereas the carboxylate group was eliminated from subunit B. The nucleotide sequence of each monomer (over 600 bp encompassing the S5-S6 linker including the C556S mutation) within the channel tandems was bidirectionally analyzed using automatic sequencing by BioST (Lachine, QC, Canada). DNA constructs were linearized at the 3Ј-end by BamHI digestion. Run-off transcripts were prepared using methylated cap analog m 7 G(5Ј)ppp(5Ј)G and T7 RNA polymerase with the mMessage mMachine transcription kit (Ambion, Austin, TX).
Recombinant expression of TRPV5 channels. Surgery on female Xenopus laevis clawed frogs (University of Alberta, Edmonton, AB, Canada) was performed as previously described (2, 9) . cRNA was injected at a concentration of 4.6 ng/oocyte. TRPV5 dimer-or monomer-injected oocytes were incubated at 18°C in Ca 2ϩ -free and serum-free NaCl saline solution (100 mM) for 24 -48 h before experiments were performed.
Western blot analysis. Western blots were performed on total membranes from X. laevis oocytes obtained after two series of centrifugation, as detailed elsewhere (19) . Proteins were analyzed on an 8% SDS-PAGE gel using primary antibody against the rabbit anti-rat TRPV5 (CaT2) channel from Alpha Diagnostic (1:100) and secondary horseradish peroxidase-conjugated anti-rabbit antibody (Jackson ImmunoResearch Laboratories, West Grove, PA; 1:25,000). The quality of the overall procedure was monitored by Ponceau red staining.
Whole cell recordings. Whole cell currents were measured at room temperature with a two-electrode voltage-clamp amplifier (OC-725, Warner Instruments) as previously described (4, 9). Instantaneous current-voltage (I-V) relationships were measured using voltage ramps from ϩ80 to Ϫ150 mV at a rate of 0.575 mV/ms from a holding potential of Ϫ50 mV. Under control conditions, I-V curves were recorded in the presence of nominally Ca 2ϩ -free Li ϩ solution containing (in mM) 120 LiOH, 5 EGTA, 2 KOH, and 20 HEPES titrated to pH 7.35 with methane sulfonic acid (9, 15) . pCLAMP software (Clampex 8.1 and Clampex 9.2, Molecular Devices, Sunnyvale, CA) was used for online data acquisition and signal analysis. Unless stated otherwise, data were sampled at 10 kHz and low pass filtered at 5 kHz using the amplifier built-in filter. Data were analyzed using Origin 7.0 (OriginLab, Northampton, MA) software. Results are presented as means Ϯ SE. An unpaired Students's t-test was used for statistical comparisons. Affinity for Ca 2ϩ was assessed from the Ca 2ϩ block of whole cell Li ϩ currents as previously described (4, 9, 16, 17) . The stability constants used to calculate the free Ca 2ϩ concentration were taken from Fabiato and Fabiato (5) .
SCAM. The chemical structures of the MTS reagents used in this study are shown in Suppl Fig. 1 (4) . Averaged whole cell current traces are shown for control conditions, 30 s after bath addition of the MTS reagent, at 2 min, at 5 min, and after washout of the unreacted MTS reagent for 10 min with the control solution. In addition to providing the MTS response over a wide range of potentials, voltage ramps allowed us to check for the presence of rectifying currents throughout the course of an experiment. For most mutants, the gradual increase in nonspecific currents or leaky currents could be immediately assessed from the gradual disappearance of the trademark inward rectification of TRPV5 currents. Experiments where nonspecific leaks developed during the experiment were simply discarded. The percentage of inhibition of whole cell currents remaining after a 5-min exposure to MTS reagent was computed at a membrane potential of Ϫ150 mV after MTS washout compared with whole cell currents measured under control conditions before MTS application. Inhibition was deemed "significant" at P Ͻ 0.01.
Computer-predicted structure and homology modeling of the TRPV5 channel. We used the SAMT06 server to identify structural templates for the external vestibule of the TRPV5 channel. The SAMT06 server, which includes primary sequence alignment coupled with secondary structure fold alignment in its scoring function, proposed K v1.2 (2A79.pdb) as a structural template for the external vestibule of the TRPV5 channel between S5 and the end of S6. Both the KcsA-based (4) and Kv1.2-based 3-D models agree with the same structural domains, although they differ slightly in their boundaries. Homology models based on the atomic coordinates of KcsA models are believed to represent the structural features of a channel in the closed state (11) . To more accurately represent the structural features of the TRPV5 channel in the open state (since SCAM data are being gathered in the channel open state), we built a symmetrical 3-D model of the channel using the molecular coordinates of the tetrameric Kv1.2 channel (2A79.pdb1). Unlike the KcsA-based model (4), the Kv1.2-based homology model predicts a wide inner vestibule with a bend at Leu 573 in S6. The resulting outer vestibule encompasses three structural domains consisting of a coiled structure (Glu 515 to Tyr 526 ) connected to a small helical segment of 13 amino acids (527-PTALF-STFELFLT-539) followed by a distinct coiled structure from Ile 541 to Asn 546 (selectivity filter) that spreads until the beginning of S6 at Pro 552 . According to the alignment provided by SAMT06, the signature sequence GYGD in K ϩ channels is aligned without any gap with the IDGP sequence of the TRPV5 channel (Fig. 2) . The selectivity filter of the Kv1.2-based 3-D model includes Ile 541 , suggesting that its side chain could be accessible from the extracellular medium. The Kv1.2-based model shows that the Ala 545 to Cys 556 linker region forms a coiled structure considerably longer than predicted from the KcsA-based model (4). Modeling was carried out with Modeller version 9.1 (20) . Spatial constraints were included to accommodate the four carboxylate groups of Asp 542 and minimize interaction energy within the selectivity filter. Interatomic distances within these carboxylate groups were based on the crystal coordinates of calmodulin using the average distance between Ca 2ϩ and carboxylate groups of key aspartate residues (2F3Y.pdb). This results in a selectivity filter with a diameter of 8 -10 Å (C␣ to C␣), which is significantly larger than the diameter of 3-4 Å estimated from the 3-D structure of crystallized K ϩ channels. Because of the poor sequence homology between Kv1.2 and TRPV5 channels in coiled regions, the two extracellular linkers (the S5 to pore helix linker called the turret and the selectivity filter to S6 linker) were modeled de novo using parameters provided by Modeller version 9.1 (20) . Automated homology modeling involved the generation of 150 models (see Fig. 8 ). The model with the lowest objective function and the lowest root mean square deviation compared with the template was retained, and residues facing the external medium were minimized with the force fields included within the DISCOVER module of INSIGHTII using a dielectric constant of 80 to take into account the presence of solvent. The structural quality of the final model was evaluated by PRO-CHECK and ProQ. The 3-D representation of the TRPV5 channel was generated with INSIGHTII software (Accelrys, San Diego, CA), as described elsewhere (4, 22) . The atomic coordinates of the 3-D K v1.2 homology-based model of the TRPV5 channel are provided at the end of the Supplemental Data.
RESULTS

Side chains at the high-affinity Ca
2ϩ -binding site are readily modified by MTS reagents. We have previously shown that modification of the side chain at position 542 exquisitely modified Ca 2ϩ affinity, suggesting that the aspartate residues lie in the middle of the permeation pathway (9) . To confirm the orientation of Asp 542 within the TRPV5 channel, the nonfunctional D542C mutant (4) was functionally rescued by coexpression with the MTS-insensitive C556S subunit, indicating that the mutant-bearing D542C monomer coassembles with C556S control subunits. To investigate the accessibility and topology of the residues lining the selectivity filter, tandems of dimers were constructed by covalently linking a monomer bearing the nonfunctional cysteine mutant with a monomer of the control channel. The dimeric approach was successfully used to map the dimensions of the external vestibule in the 6-TM voltage-gated K v 1.3 channel (1) and the cytoplasmic vestibule of Kir6.2 (3) and Kir2.1 (13) channels. Western blots performed on total membranes under denaturating (␤-mercaptoethanol) conditions showed that six dimeric constructs (I541C, D542C, G543C, P544C, and A545C including the control dimer) migrated with a molecular weight compatible with the formation of a covalently linked dimeric protein (Fig. 1B) .
The control C556S dimeric construct (C556S_C556S) showed little inhibition by either MTS reagent including MTSEA, which is considered to be potentially membrane permeant (8) (Figs. 3A and 4 and Suppl. Table 1 ). In contrast, 75 Ϯ 7% (n ϭ 4) of the D542C dimer whole cell currents were inhibited by 1 mM MTSET within 30 s of exposure. No further inhibition was observed after 5 min of perfusion (Fig. 3B) . Similar inhibition of the D542C dimer by MTSEA and MTSMT demonstrated that the methyl chain of MTSMT is Fig. 2 . Primary structure alignment of the TRPV5 channel with K ϩ channels. According to the alignment provided by SAMT06, the signature sequence GYGD in K ϩ channels is aligned with the IDGP sequence of the TRPV5 channel. Hence, the high-affinity Ca 2ϩ -binding site Asp 542 is aligned with the Y residue of the GYGD signature sequence regardless of the template used. The overall prediction score is, however, higher for the Kv1.2 channel (2A79.pdb). The numbers refer to the amino acid sequence of the rabbit TRPV5 channel. long enough to reach position Asp 542 and that the small NH 3 head group of MTSEA is sufficient to avert cation fluxes (Fig.  4) . Depending on the distance of Asp 542 from the external medium, it could also suggest that the pore is wide enough to accommodate the 5.8-Å head of MTSET. The inhibition by MTSES was comparable with the ones reported for positively charged MTS reagents, suggesting that the two remaining aspartine residues at position 542 in the tetrameric channel did not repel the negatively charged head group of MTSES. In addition, functional expression of the D542C dimer significantly decreased Ca 2ϩ affinity from an IC 50 of 2.2 Ϯ 0.4 M (n ϭ 9) (9) for the wild-type channel to an IC 50 of 150 Ϯ 6 M (n ϭ 5) in addition to a lessening of inward rectification, as expected since Asp 542 is the key high-affinity Ca 2ϩ -binding site as well as one of the key sites for the Mg 2ϩ -induced voltage-dependent block that is responsible for channel inward rectification (10, 14) . The decrease in Ca 2ϩ affinity was roughly 5-to 10-fold lower than reported elsewhere for the tetrameric D542N mutation (9) , suggesting that the four carboxylate groups found at position 542 in the symmetrical tetrameric channel work in an additive fashion to form the high-affinity Ca 2ϩ -binding site. Permeation properties of D542C were also altered. The mean open time increased significantly, and the single channel conductance of the D542C dimer was significantly reduced from 46 Ϯ 3 pS (n ϭ 5) for the control dimer to 28 Ϯ 1 pS (n ϭ 2; Suppl Fig. 2 ). The latter probably accounts for the observation that whole cell currents generated by the D542C dimer remained significantly smaller than for most TRPV5 mutations (Suppl. Table 1) .
Residues in the selectivity filter are easily accessible to positively charged MTS reagents. As already shown elsewhere, most cysteine mutations in the selectivity filter failed to express whole cell currents when expressed as homotetramers (4) . Information regarding the accessibility of the side chains at these positions was thus lacking. Accessibility of the residues lining the selectivity filter (I541C to Y547C) was thus analyzed using dimeric constructs (4) . One of the key biophysical features of the control C556S subunit, namely, the steep inward rectification, was preserved in all the dimeric constructs but for the D542C construct, suggesting that the selectivity filter was not grossly distorted by the cysteine mutation. In addition, 30 -50% of whole cell Li ϩ currents generated by cysteine dimeric constructs were inhibited by 1 M free Ca 2ϩ , a value that is similar to the wild-type channel (9). Significant inhibition of dimers was observed at four consecutive positions from 542 to 545 and at position 547 after exposures to positively charged MTS reagents (MTSET, MTSEA, and MTSMT; Figs. 4 and 5, Suppl. Fig. 3 , and Suppl. Table 1 ). Figure 5 shows average I-V curves measured at 30 s, 2 min, 5 min, and after MTSET washout. Maximal inhibition was achieved within 30 s of exposure to MTSET (Fig. 5) for G543C, P544C, and A545C. Incubation periods as long as 5 min did not increase the steady-state inhibition for either construct. Inhibition by shorter chain MTSMT was at once rapid (Ͻ30 s) and complete for all these constructs. MTSEA inhibition was generally slower for all constructs but P544C, reaching a maximum after a 2-min exposure and failing to increase after a 5-min incubation period (Suppl. Fig. 3 ). Longer chain MTSHT, with a hexyl Fig. 4 . Histogram of percentages of whole cell current inhibition of dimers in the selectivity filter by extracellular MTS reagents (5-min exposure). Heterotetramers D542C, G543C, P544C, A545C, and Y547C obtained by injection of cRNA encoding for tandem mutants were significantly inhibited by a 5-min exposure to 1 mM 2-(aminoethyl)methane thiosulfonate bromide (MTSEA), MTSET, and 2-(trimethyl ammonium)methyl methane thiosulfonate bromide (MTSMT). In contrast, whole cell current traces of the control dimeric construct (CTRL), I541C, and N546C obtained by injection of cRNA encoding for tandem mutants were relatively stable when exposed to the same perfusion with the same reagents. MTSES, sodium 2-(sulfonatoethyl)methane thiosulfonate. Inhibition Ͼ25% was deemed to be significant at P Ͻ 0.001 and is shown by the dotted line. **Inhibition of dimeric mutant constructs by MTSET was statistically significant at P Ͻ 0.001. Fig. 3. 2 -(Trimethyl ammonium)ethyl methane thiosulfonate bromide (MTSET) reactivity of D542C dimeric constructs. Whole cell currents were measured using a 450-ms ramp protocol from ϩ80 to Ϫ150 mV in the presence of the Ca 2ϩ -free control saline solution (120 mM LiMeS ϩ 5 mM EGTA). Currents were normalized to peak currents measured at Ϫ150 mV under these control conditions. In A and B, normalized whole cell current traces (i/imax) were averaged (mean current traces Ϯ SE; n ϭ 4) and are shown for the control condition (thick solid line), 30 s after the bath addition of MTSET (70% gray), after 2 min of perfusion (50% gray), after 5 min of perfusion (30% gray), and after wash out of the unreacted MTSET (10% gray) for 10 min with the control solution. The thickness of the traces therefore reflects the experimental variability of the methane thiosulfonate (MTS) response. SEs tended to be smaller in the absence of functional modification. Membrane potential (Vm; in mV) is shown. A: whole cell currents through the control dimeric construct C556S_C556S (CTRL) displayed a strong rectification at positive voltages under control conditions. The control dimer was not covalently modified by a 5-min perfusion with 1 mM MTSET. B: in contrast, the C556S_C556S/D542C dimer was modified by a 30-s perfusion with 1 mM MTSET. Note that the rectification was not as pronounced as with the D542C dimeric construct. Inhibition was not reversed by washout with Ca 2ϩ -free control saline solution (120 mM LiMeS ϩ 5 mM EGTA).
chain spanning a distance of 14.5 Å compared with 8.9 Å for MTSET (3), produced a similar inhibition of the four consecutive dimeric constructs from D542C to A545C (Suppl. Fig. 4) . Altogether, these data suggest that the volume of the head group [N(CH 3 ) 3 vs. NH 3 ] was more important for steady-state inhibition than the length of the alkly chain (ethyl vs. methyl). Positions 542, 543, 544, and 547 were seen to be inhibited to the same extent by all positively charged MTS reagents, whereas inhibition of A545C was significantly (P Ͻ 0.001) stronger with MTSMT, which bears a methyl chain that is shorter than the ethyl chain of MTSET. This result suggests a superficial location for the cysteine-substituted 545 position such that the trimethyl amine head would be more effective to inhibit ion fluxes when tethered on a chain shorter by 1-2 Å. Altogether, these results indicate that the four contiguous positions in the selectivity filter of the TRPV5 channel are accessible to positively charged MTS reagents from the external medium. No inhibition was observed with I541C and N546C tandem constructs with either positively or negatively charged MTS reagents (Fig. 4) . The absence of modification at position 546 indicates that 546C is either not accessible from the aqueous medium or that covalent modification by MTS reagents does not impede ion permeation through the TRPV5 channel, unlike its neighbors 545C and 547C.
Reactivity to negatively charged MTSES is residue dependent. Significant inhibition by negatively charged MTSES was obtained at positions D542C, P544C, and A545C but not at positions 543 and 547 (Fig. 4, Suppl. Fig. 5 , and Suppl. Table  1 ). The reasons for the absence of inhibition by MTSES at these positions are not known. Nonetheless, given that MTSES reactivity was absent in the entire pore helix region (P527-T539) (4), the inhibition of some cysteine mutants by MTSES in the selectivity filter confirms that the selectivity filter behaves like a wide open coiled structure.
Investigation of the role of carboxylate side chains in controlling MTS access to the selectivity filter. Although presumed to be part of the selectivity filter, the I541C dimeric construct showed no significant inhibition by either positively or negatively charged MTS reagents (Fig. 4) ) blunts access to MTS reagents. It can indeed be argued that the presence of four charged carboxylate residues in the native channel at position 542 hinders access of MTS reagents to I541C. MTS reactivity of dimeric I541C was thus investigated in the I541C/D542G dimeric construct, where both I541C and D542G are produced on the same subunit. D542G has already been shown to express large inward Li ϩ currents (9) . As shown in Figs. 6 and 7, the I541C/D542G dimeric construct was significantly inhibited by MTSEA, MTSMT, MTSET, and MTSES. Hence, the side chain at position I541 is potentially accessible from the external medium providing that the carboxylate side chains of Asp 542 do not hinder MTS accessibility. The presence of the smaller and neutral glycine (48 Å 3 ) in the selectivity filter at two of the four positions occupied by aspartate residues in the wild-type channel could improve accessibility by lessening steric hindrance, decreasing the negative electrostatic charge in the filter, or by reducing both. In regard to electrostatics, the net negative charge of the selectivity filter could improve access to positively charged MTS reagents, whereas it could repel negatively charged MTSES. Electrostatic effects were addressed by studying the MTS inhibition of dimeric constructs D542G/ G543C and D542G/P544C. If negatively charged carboxylate groups modify the electrostatic environment, it is expected that the inhibition by positively charged MTS reagents will decrease, whereas the inhibition by negatively charged MTSES could be enhanced, by the D542G mutation. As can be seen by comparing Figs. 4 and 7 , replacement of two of the four carboxylate residues by hydrogen atoms at position 542 did not significantly affect the steady-state inhibition by either MTS reagent, although the rate of modification was altered. In particular, introduction of the neutral glycine residue at position 542 failed to improve the steady-state inhibition of G543C by negatively charged MTSES, ruling out a significant contribution of Asp 542 in the MTSES reactivity of side chain residues in the upper section of the selectivity filter. Nonetheless, these data confirm that G543C and P544C are closer to the extracellular medium than Asp 542 , as predicted by KcsA-and K v 1.2-based 3-D models.
To investigate the role of steric hindrance in the accessibility of I541C, the MTS reactivity of the I541C/D542N dimeric Fig. 5 . MTSET reactivity of TRPV5 dimeric constructs in the selectivity filter. A: whole cell currents through the C556S_C556S/G543C dimer were strongly inhibited by perfusion with 1 mM MTSET. B: whole cell currents through the C556S_C556S/P544C dimer were strongly inhibited by perfusion with 1 mM MTSET. C: whole cell currents through the C556S_C556S/A545C dimer were significantly inhibited by perfusion with 1 mM MTSET. In all cases, inhibition was maximum after 30 s of perfusion and could not be reversed by perfusion with the control saline solution (120 mM LiMeS ϩ 5 mM EGTA). MTSET inhibition of G543C, P544C, and A545C dimeric constructs was 69 Ϯ 4% (n ϭ 6), 85 Ϯ 5% (n ϭ 4), and 54 Ϯ 3% (n ϭ 4) of the control currents. Experimental conditions were as described in Fig. 3 . In A-C, averaged whole cell current traces (mean current traces Ϯ SE; n Ͼ 4) are shown for the control condition (thick solid line), 30 s after the bath addition of MTSET (70% gray), after 2 min of perfusion (50% gray), after 5 min of perfusion (30% gray), and after wash out of the unreacted MTSET (10% gray) for 10 min with the control solution. Vm (in mV) is shown. Note that the width of the current traces reflects the small experimental variation (SE) between independent experiments. construct was evaluated (Fig. 6) . In this construct, the aspartate (111 Å 3 ) at position 542 was replaced with neutral but polar asparagine (114 Å
3 ). Figure 7 shows that accessibility to positively charged MTSET and MTSMT reagents was comparable with the one measured in the I541C/D542G construct, suggesting steric hindrance alone cannot explain the complete lack of reactivity of the simple I541C dimeric construct. Nonetheless, steady-state inhibitions of I541C/D542N channels by MTSEA and MTSES were less important than that observed with the I541C/D542G dimeric construct, suggesting that the structure of the selectivity filter was somewhat different in the presence of the D542N versus D542G mutation. We (4) have previously shown I540C to be insensitive to functional modification by MTS reagents, but we were unable to determine if this resulted from the presence of Asp 542 as the I540C/D542G channel was nonfunctional as homotetramers (Suppl. Table 1) .
Structural features of the external linkers in the TRPV5 channel. Our previous work has already established the relative accessibility of residues at positions 548, 549, and 550 within the linker connecting the selectivity filter to S6, but cysteine mutants 551C and 552C were not functional as homotetramers (4) . When assessed using tandems of dimers, 551C and 552C were strongly inhibited by positively charged MTS reagents (Suppl. Fig. 6 and Suppl. Table 2 ). This result suggests that this region predicted to form a coiled structure is not only accessible from the extracellular medium but that residues at positions 551 and 552 could be located close enough to the permeation pathway to inhibit monovalent cation fluxes. Save for position 551, inhibition by negatively charged MTSES remained near absent in the region. These data contrast with the absence of reactivity from the N546C dimeric construct, which is predicted from the 3-D model to be closer to the permeation pathway than both positions 551 and 552.
The strongest and fastest inhibitions of cysteine-substituted side chains in the outer pore were nonetheless reported with the homotetrameric E522C channel (4) located in the S5 to pore helix linker, a region that is predicted to lie away from the permeation pathway (Suppl. Fig. 7 ). To evaluate whether the extent of inhibition was controlled by the number of cysteine residues present in the outer pore, we measured the MTS reactivity of E522C dimers. Strong inhibitions were observed with both positively and negatively charged MTS reagents (Suppl. Fig. 8 ). Taken together, these data highlight the limitations of using computer-based homology models to picture the 3-D structure of coiled regions such as extracellular linkers.
DISCUSSION
We are report herein the results from the first study to investigate the structural features of the selectivity filter in a TRP channel. All the nonfunctional cysteine mutants of the selectivity filter that were nonfunctional when expressed as homotetramers (4) were shown to express whole cell currents when expressed as tandems of dimers. This strategy avoids some of the pitfalls associated with rescue experiments where Fig. 6 . MTSET reactivity of I541C dimeric constructs. A: whole cell currents through the C556S_C556S/I541C dimer were not functionally modified by a 5-min exposure to 1 mM MTSET. B: whole cell currents through the C556S_C556S/I541C/D542G dimer were strongly inhibited by perfusion with 1 mM MTSET within 30 s of perfusion and maximally inhibited after 2 min. C: whole cell currents through the C556S_C556S/I541C/D542N dimer were strongly inhibited by perfusion with 1 mM MTSET within 30 s of perfusion and maximally inhibited after 2 min. In all cases, inhibition could not be reversed by washout of the reagent with the control saline solution (120 mM LiMeS ϩ 5 mM EGTA). The pattern and time course of MTSET inhibition were similar for I541C/D542G and I541C/D542N constructs. Experimental conditions were as described in Fig. 3 . In A-C, averaged whole cell current traces (mean current traces Ϯ SE) are shown for the control condition (thick solid line), 30 s after the bath addition of MTSET (70% gray), after 2 min of perfusion (50% gray), after 5 min of perfusion (30% gray), and after wash out of the unreacted MTSET (10% gray) for 10 min with the control solution. Vm (in mV) is shown. Fig. 7 . Histogram of percentages of whole cell current inhibition of dimers in the selectivity filter by extracellular MTS reagents (5-min exposure). Heterotetramers I541C/D542N, I541C/D542G, D542C, D542G/G543C, and D542G/P544C were obtained by injection of cRNA encoding tandem mutants, as described in Fig. 1 . Inhibition by 1 mM MTS was measured at Ϫ150 mV after a 5-min exposure to 1 mM MTS reagents followed by washout, as previously described. Inhibition peaked after a 30-s exposure to positively charged MTSEA, MTSET, and MTSMT at all positions under these conditions, whereas inhibition by negatively charged MTSES developed over a 5-min period. Substitution of the negatively charged aspartate residue by D542G improved the reactivity of I541C to positively and negatively charged MTS reagents but did not alter the modification of G543C and P544C to MTS reagents. Substitution of the negatively charged aspartate residue in D542N did not alter the reactivity of I541C to MTSET and MTSMT but decreased slightly modification by MTSEA and MTSES compared with the D542G/I541C construct. Inhibition Ͼ25% was deemed to be significant at P Ͻ 0.01 and is shown by the dotted line. **Inhibition of dimeric constructs by MTSET was statistically significant at P Ͻ 0.001. the nonfunctional cysteine-bearing subunit is rescued by coexpression with the functional wild-type subunit. The latter, based upon mixing two independent cDNAs (23) , is likely to produce heterogeneous tetrameric channels with various subunit combinations (0:4 to 4:0). This, in turn, limits the interpretation of the data, especially in the absence of functional modification, which could as easily result from the poor accessibility of residues as from the absence of a cysteine-bearing subunit in a tetrameric channel.
The side chains of four consecutive positions in the selectivity filter from Asp 542 to Ala 545 and Tyr 547 were shown to be easily accessible from the external medium. In addition, the Ile 541 position became accessible when two of the four carboxylate residues at position 542 were replaced by either a smaller glycine residue or a similarly sized but neutral aspartate residue. The inhibition of the I541C/D542N dimeric construct by positively and negatively charged MTS reagents ruled out steric hindrance as the sole determinant of accessibility within the selectivity filter. In particular, the rapid modification of the I541C/D542N dimeric construct by negatively charged MTSES suggests that the residue at position 541 is not much influenced by the local electrical field. It could be speculated that the selectivity filter espouses a specific conformation in the presence of four carboxylate residues such that disrupting the ring with two neutral aspartate residues promotes the accessibility of Ile 541 to MTS reagents. This interpretation rests on the assumption, upon which rests any SCAM analysis, that the cysteine substitution does not alter the orientation of the side chain. Together with the 3-D model of the TRPV5 channel in the open state, our data further suggest that the side chains of Ile 541 and Asp 542 could be potentially accessible both from the extracellular and intracellular medium, a conclusion that could simply not be reached from the tepee-shaped KcsA-based models of TRPV5 (4) and TRPV6 (23) channels. It is already known that inward rectification is caused in part by the binding of internal Mg 2ϩ to the aspartate residue within the selectivity filter (24) . It thus remains to be seen whether the bulky side chain of isoleucine could itself influence the diffusion of internal divalent cations that are believed to reach Asp 542 from the intracellular medium and block outward currents in a voltage-dependent manner (24) .
According to the K v 1.2-based model of the selectivity filter (Fig. 8) , Asp 542 would be equivalent to the S1 high-affinity K ϩ -binding site in the high-resolution KcsA structure (26) and subsequent 543, 544, and 545 positions would be located in the extracellular linker that follows the selectivity filter and pre- Fig. 8 . Homology-based model of pore region S5-S6 in the TRPV5 channel. A: ribbon three-dimensional representation of the TRPV5 channel obtained by homology modeling with the crystal coordinates of Kv1.2 channel structure (2A79.pdb1) as the template. The side view of the pore region is shown with only 2 of the 4 subunits being displayed. The extracellular medium faces the top. The backbone structure is in cyan, side chains are in blue, and a single calcium ion is shown in red at the Asp 542 position (pictured in ball and stick representation). Automated homology modeling was performed with Modeller version 9.1 and involved the generation of 150 models of the TRPV5 channel using 2A79.pdb as the template. In the resulting model, the GYGD pore motif of K ϩ channels is aligned with the IDGP motif of the TRPV5 channel. Interatomic distances between Ca 2ϩ and the high-affinity Asp 542 site were based on the atomic coordinates between Ca 2ϩ and the carboxylate side chains of aspartate residues in calmodulin (2F3Y.pdb). The diameter (8.5 Å) was measured at the level of Asp 542 between the C␣ of the opposing residues. The overall structural quality of the model was evaluated by PROCHECK cedes S6. A superficial location for the cysteine-substituted 545 residue poised at the extracellular mouth of the channel, as shown in our current K v 1.2-based model, could account for the stronger inhibition observed at position 545 with short-chain MTSMT compared with MTSET. The equivalent position in the TRPV6 channel (A544C) was also shown to be significantly modified by positively charged MTSEA and MTSET. In addition, we demonstrated that negatively charged MTSES could modify side chains at positions 542, 544, and 545, indicating that the local electrical field does not repulse negatively charged reagents in this region. These observations suggest the presence of large number of water molecules dampening down the effect of the electrical field in this region and could be explained if these residues are facing and/or bathing in the external medium, as suggested by the 3-D model.
Remarkably, cation fluxes through N546C remained unaffected by the covalent modification by MTS reagents. Our data suggest that this residue adopts, in average, a position that is not facing the permeation pathway such that modification by any MTS reagents remained silent and failed to modify ion fluxes. The resolution of our 3-D model in the linker regions is too low to represent a valid picture of the channel conformation. Even with high-resolution X-ray data, the positions of the atoms as well as the projection of the side chains in the coiled linkers remain less precise than in helicodial regions. These limitations of the 3-D model are also illustrated with the SCAM data of the L551C and E522C dimeric constructs. Both positions are predicted to lie away from the permeation pathway, yet both positively and negatively charged MTS reagents produced fast and complete inhibition of cation fluxes when covalently linked to any of these positions. Taken together, these SCAM data are a sharp reminder that 3-D models must be validated with functional data.
Although the TRPV5 channel is an atypical TRP channel, the conclusions from our work could be safely extended to the related TRPV6 channel. There are only two substitutions in the primary sequence of the selectivity filter, with a serine to aspartate substitution at position 548 and a cysteine to serine change at position 556 from the TRPV5 to TRPV6 channel. Position 548 was studied elsewhere in a purely symmetrical tetrameric channel and was shown to remain insensitive to MTS inhibition in TRPV5 (4) and TRPV6 (23) channels. The second substitution was eliminated in the context of our SCAM experiments, as C556S was the template for all our constructs. Hence, although long speculated, this is the first study to clearly demonstrate that the side chains of the aspartate residue key for forming the high-affinity binding site for Ca 2ϩ in TRPV5 or TRPV6 channels are accessible to MTS reagents from the extracellular medium. While the selectivity filter of the related TRPV6 channel has been previously studied by SCAM (23) , D541C in the TRPV6 channel remained nonfunctional when tested as a rescued subunit.
Our SCAM data on the Ile 541 to Tyr 547 region could suggest that the selectivity filter of the TRPV5 channel is much wider than the selectivity filter of K ϩ channels, similar to the nonselective cationic NaK channel (21) . It could also suggest that this whole region is closer to the extracellular medium and shorter than the selectivity filter of K ϩ channels, with Asp 542 being equivalent to the S0 K ϩ -binding site instead of the S1 site. Such a model could be obtained by introducing gaps in the primary sequence alignment such that Asp 542 would be aligned with the underlined valine in the GYGDVV sequence. This question may form the basis for future structural studies of TRPV5/6 channels.
